ABSTRACT Wireless powered techniques have been recognized as promising techniques in future wireless communication systems, especially in cognitive radios (CRs) with energy-limit devices. However, most of the existing works focus on CRs with an ideal linear energy harvesting model. In this paper, a wireless powered wideband CR network is considered, and a practical non-linear energy harvesting model is adopted. To maximize the sum throughput of the secondary users, the energy harvesting time, channel allocation, and transmit power are jointly optimized. The closed-form expressions for the optimal transmit power and channel allocation are given. Simulation results show that there is a tradeoff between the harvesting energy and the sum throughput of the secondary users. It is also shown that the performance achieved under the non-linear energy harvesting model may equal to that achieved under the linear energy harvesting model. 
I. INTRODUCTION
Smart cities are devoted to providing users with convenience and good quality of experience. They have been recognized as the operation model of future cities [1] . In order to establish smart cities, a large number of energy-limit mobile devices, such as sensors are required. However, The unprecedented growth of mobile devices and the increasing requirement of high data rate result in an increasingly severe spectrum scarcity problem. As a promising technique, cognitive radio (CR) has been proposed to alleviate this problem. It enables an secondary user (SU) to access the spectrum band allocated to a primary user (PU) and transmit information on this band [2] . Based on the operational mechanism between the PU and the SU, there are three operation paradigms, namely, opportunity spectrum access, sensing-enhanced spectrum sharing and spectum sharing [3] - [5] . In CR with the opportunity spectrum access, the SU needs to sense the frequency band occupied by the PU [6] - [8] . The SU can access the spectrum band of the PU only when the PU is detected to be idle. Under the sensingenhanced spectrum sharing, the SU can coexist with the PU by using adaptive power allocation strategy. Specifically, the SU transmits information with a high power when the PU is detected to be idle while a low transmit power is selected when the PU is detected to be presented [9] . In CR with spectrum sharing, the SU coexists with the PU on the condition that the interference caused to the PU is tolerable [10] . It was shown that spectrum sharing can provide a high spectrum efficiency [4] . Thus, in this paper, we focus on CR with spectrum sharing.
Besides spectrum efficiency, energy efficiency has received increasing attention due to the explosive energy consumption. The energy consumed by communications and information technology (CIT) continues to rise, and by 2013 the energy consumed by CIT accounts for ten percents of the total energy consumed throughout the year. It is predicted that by 2020, the energy consumed by CIT accounts for twenty percents of the total energy [11] , [12] . Thus, the efficient use of energy is very important. There are two ways to use energy efficiently. The first one concentrates on maximizing the energy efficiency, which has been investigated in [13] - [15] . The second one focuses on simultaneous wireless information and power transfer (SWIPT). The CR with SWIPT can solve the problem of energy scarcity and provide users with more satisfactory quality of service. It uses radio frequency (RF) signals to harvest energy, thus, it can provide energy for wireless devices lastly and overcome the uncertainties and intermittencies of traditional energy sources (solar, wind, water, etc.); Furthermore, it increases the mobility of wireless devices. In practice, the energy harvesting (EH) circuits typically produce non-linear endto-end wireless power conversion. Therefore, the traditional linear EH model can not reflect the actual EH situation, which results in the fact that the optimal performance cannot be achieved by using the resource allocation strategies based on the linear EH model. Thus, in this paper, we focus on designing resource allocation strategies based on a practical non-linear EH model.
A. CR BASED ON THE LINEAR ENERGY HARVESTING MODEL
Initial efforts on EH have focused on the linear EH model [16] - [21] . In this model, the conversed power at the EH receiver linearly increases with the input power. Lee and Zhang [16] studied optimal resource allocation problems in cognitive wireless powered communication networks. In this work, a harvest-then-transmit protocol was proposed and the throughput of networks was maximized. Kim et al. [17] extended the same problem into a multi-antennas CWPCN and designed optimal precoding schemes for maximizing the throughput of the secondary network. Lee and Zhang [16] used the search algorithm and iterative water injection algorithm to maximize the sum of throughput. The work in [16] and [17] focused on maximizing the sum throughput of the considered networks, which may result in unfair resource allocation. In order to solve this problem, Kalamkar et al. [18] took the fairness among users into account and designed resource allocation strategies under two fairness criterion, namely, the max-min fairness criterion and the proportional fairness criterion. Since energy efficiency is an important metric for the next generation wireless communication systems, Wu et al. [19] proposed optimal resource allocation strategies for maximizing the achievable energy efficiency of wireless powered network. In [16] - [19] , it is assumed that the channel state information (CSI) is perfect. Under the imperfect CSI, authors in [20] designed robust resource allocation strategies in cognitive radio with EH while considered the fairness among secondary users. Recently, in order to improve the security of cognitive radio with SWIPT, robust beamforming schemes were designed under two imperfect CSI models in [21] .
B. EXISTING WORK BASED ON THE NON-LINEAR HARVESTING MODEL
In practice, EH circuits typically result in a non-linear endto-end wireless power conversion. Thus, the traditional linear EH model cannot reflect the actual harvesting energy. As a result, resource allocation strategies based on the linear EH model may not provide the optimal performance in practice. Thus, it is of great importance to focus on investigations on the non-linear EH model.
Up to now, there are two kinds of non-linear EH models [22] - [25] . The first kind of EH model proposed in [22] is that when the transmitted energy is less than a fixed value, the received energy increases linearly with the input power; When the input power is greater than the fixed value, harvesting energy achieves the maximum value. The maximum value depends on the EH circuit. Based on this non-linear EH model, the authors in [22] studied the performance of wireless powered relay network under a multi-antenna system; It was shown in [22] that the performance obtained under the non-linear EH model may be better than that achieved under the linear EH model. Recently, a novel nonlinear EH model was proposed in [23] - [25] . Under this nonlinear EH model, the authors designed the optimal resource allocation strategy in the single antenna, multiple-input single-output, and multiple-input multiple-output scenarios, respectively. The sum harvesting energy was maximized by using the proposed resource allocation strategies. It was also shown that the performance achieved under the non-linear EH model may be better than that achieved under the linear EH model.
C. MOTIVATION AND ORGANIZATION
It is envisioned that the combination of EH techniques with CR can simultaneously improve the spectrum efficiency and energy efficiency [16] - [21] . This combination is recognized to be promising in the future wireless communication systems. Moreover, an optimal resource allocation is of great importance in CR with EH. It not only can improve the performance of the secondary network, but also can protect the quality of service of the primary network. Although resource allocation problems have been well studied in CR with EH [16] - [21] , these works are based on the ideal linear EH model. These resource allocation strategies are not appropriate in practice due to the non-linear end-to-end EH conversation. On the other hand, although the works in [22] - [25] have taken the non-linear EH model into consideration, they focused on the traditional wireless communication system. Up to now, to the authors' best knowledge, no investigation has been done in CWPCN based on the non-linear EH model. Thus, an optimal resource allocation problem is formulated in CWPCN while the non-linear EH model is adopted.
The contributions of our work are summarized as follows. 1) It is the first time to formulate the optimal resource allocation problem in wideband CWPCN under the practical non-linear EH model. The optimal EH time, channel allocation and transmit power are jointly optimized in order to maximize the sum throughput of SUs. 2) The relationship among the optimal EH time, channel allocation and transmit power is analyzed. The closedform expressions for the optimal channel allocation and transmit power are derived. It is seen that the secondary user with better CSI has more chance to access the spectrum band of PUs. 3) Simulation results show that the sum throughput of SUs increases with the number of narrow bands and the interference threshold. It is also shown that the performance achieved under the practical non-linear EH model may be equal to that achieved under the linear EH model. Moreover, simulation results show that there is an optimal EH time in CWPCN irrespective of the non-linear EH model or the linear EH model. We also unveil that there is a tradeoff between the sum throughput of SUs and the harvesting energy. The rest of this paper is organized as follows. Section II presents the system model. The resource allocation problem and its solution are presented in Section III. Section IV presents numerical simulation results to validate our analysis. The paper concludes with Section V. 
II. SYSTEM MODEL
As shown in Fig. 1 , a CWPCN system is studied in this paper. It consists of a primary network and a secondary network. In the primary network, there is a PU and a base station (BS); In the secondary network there is one hybrid access point (H-AP) and K SUs denoted by SU i , for i = 1, 2, · · · , K . It is assumed that all terminals are equipped with a single antenna. In addition, all SUs are assumed to have no fixed power supplies, and the wireless energy transfer-enabled H-AP has a conventional and stable energy supply [26] .
In the CWPCN, we adopt a ''harvest-then-transmit ''protocol [27] . Specifically, each transmission block of duration T is divided into a secondary downlink wireless energy transmission (secondary downlink WET) τ and a secondary uplink wireless information transmission (a secondary uplink WIT) T − τ . In the secondary downlink WET phase, the BS and the H-AP transmit information to the PU. Thus, the SUs can harvest RF energy from the BS and the H-AP. And the harvested energy at each SU can be stored in the battery for future use. Then, the SU uses the energy that harvested in the secondary DL WET phase to transmit information to H-AP. It is assumed that there are N narrow channels between CUs and the H-AP, and that N > K . During the information transmission phase, SUs cause interference to PUs. Without loss of generality, we set the transmission block T to be 1.
In the secondary downlink WET phase, the conversed power by using the traditional linear EH model [28] can be expressed as
where P ER−RF stands for the received RF power at the ER; η is a fixed constant, which can reflects the power conversion efficiency of the radio frequency-to-direct current (RF-to-DC) conversion circuit. However, the linear EH model can not capture the actual situation of end-to-end energy conversion in the actual EH circuit. In this paper, we use a practical non-linear EH model proposed in [23] , given as
where i is a traditional logical function with respect to the received radio frequency power P ER i of the ith SU; The parameter M represents the maximum harvested power at an energy harvesting receiver when the EH reaches saturation; Parameters a and b are related to the specification of the specific EH circuit. The adjustment of a, b and M can capture the combined effects of different non-linear phenomena caused by hardware constraints (including circuit sensitivity limits and other influencing factors) [29] , [30] . a and b can be easily obtained by standard curve fitting of the measured data, which is based on a given EH circuit. In this article, we use the data from [30] to define M = 0.024 W, b = 0.014, a = 150. In this paper, the RF power source of the EH is the BS and the H-AP, thus
where P c represents the power that the BS sends energy to the SU during the DL WET phase; P h represents the power of the H-AP for transmitting to the SU; q i is the channel power gain between the ith SU and the H-AP when the H-AP sends energy to the SU. During the information transmission phase, SUs result in interference to the PU, and the interference caused by the ith SU to the PU can be expressed as
where q i,j is the channel gain between SUs and PU; P i,j is the transmit power of SUs to PU; Let ρ i,j denote an indicator variable that is 1 if the jth subchannel allocated to the ith SU; otherwise, it is 0.
III. OPTIMAL RESOURCE ALLOCATION IN CWPCN
In this section, an optimal resource allocation problem is formulated in CWPCN based on a practical non-linear EH model. In order to maximize the sum throughput of all SUs, the EH time (τ ), the channel allocation (ρ i,j ), and the power allocation (P i,j ) are jointly optimized. Specifically, in order to protect the the quality of service (QoS) of the PU, the interference power constraint is applied. Thus, the sum throughput maximization resource allocation problem, subject to the interference power constraints and the EH constraints, can be formulated as problem P 1 , given as
The constraint C 1 indicates that each sub-narrow band channel can only be used by a a SU to serve the H-AP; The constraint C 2 indicates the status of the channel, namely, occupied or idle; And the constraint C 3 is the energy constraint. It means that the consumed energy of the SU for transmitting information is less than its harvesting energy; The interference power constraint C 4 guarantees that the interference power imposed on the PU is smaller than the maximum tolerable interference power . It is seen from (5) that P 1 is a mixed-integer programming problem due to the channel allocation index, ρ i,j . Moreover, there exist couples among variables, such as the couple between the channel allocation index and the transmit power. Thus, it is very challenging to solve P 1 . In the following, a one-dimension search algorithm is proposed to solve P 1 . The optimal channel allocation and transmission power are derived.
A. THE OPTIMAL SOLUTION
In order to more easily to solve the mixed integer programming problem P 1 , the subchannel indicator variable ρ i,j is relaxed as a sharing factor ρ i,j ∈ [0, 1], which has been widely used in subchannel allocation problems [31] - [34] . In addition, one variable is defined, namely, S i,j = P i,j ρ i,j .
Thus, the problem P 1 can be transformed into P 2 , given as
According to the above formula, for a given EH time, it is seen that the problem P 2 is convex since all constraints are convex. Thus, for a given EH time, the Lagrangian Ł(S i,j , ρ i,j , P i,j , τ ) of P 2 can be given as
where µ, ν, ω and α are Lagrangian factors, and µ j > 0, j ∈ N ; ν i > 0, i ∈ K ; ω > 0; and α > 0. Let P opt i,j denote the optimal power allocation of the SU. Theorem 1: In CWPCN, when the non-linear energy harvesting model is adopted, the optimal power allocation for maximizing the sum throughput is given as
where [a] + represents the maximum between a and 0; P opt i,j stands for the information transmit power of the ith SU in the jth channel.
Proof: Please refer to Appendix A. According to the lagrangian, the optimal subchannel allocation ρ i,j can be given in the following theorem.
Theorem 2: The optimal channel allocation of the CWPCN system based on the non-linear energy harvesting model can be given as
Particularly,
(10) As seen from (9), when H i,j is larger, the ith SU is more likely to occupy the jth channel. In other words, the SU with the largest H i,j has the change to access the jth channel.
Proof: Please refer to Appendix B. According to the lagrangian, for a given transmit power and channel allocation, in order to given an insight on the relationship between the EH time and other optimized variables, the optimal EH time τ can be given in the following theorem.
Theorem 3: The optimal EH time can be given as
And
It is observed from (7) that the maximum sum throughput of SUs, denoted by opt , can be given as
where P opt i,j stands for the optimal power; ρ opt i,j stands for the optimal subchannel allocation; And τ opt stands for the optimal EH time. In order to obtain all of the dual variables, the subgradient metod can be used [35] . The subgradients are given as
Then the subgradient method is given as 
where t is the iterative indicator; ε (t), α (t), β (t), and δ (t) are the iterative steps at the tth iteration.
Thus, based on the above analysis, in order to obtain the optimal resource allocation, a one-dimensional search algorithm, denoted by Algorithm 1, is proposed. the details can be seen in Table 1 .
IV. SIMULATION RESULTS
In this section, we evaluate the performance of the resource allocation algorithm designed for the CWPCN system based on the non-linear EH model. For the non-linear EH model parameters, according to [22] - [24] , it is assumed M = 0.024 W, which corresponds to the maximum harvested power at the SUs. Besides, we adopt b = 0.014 and a = 150, and the conversion efficiency of the linear model η = 0.8. Figure 2 shows the sum throughput of SUs versus the EH time based on the linear EH model and the non-linear EH model. The transmit power of the BS and the H-AP are set as P c = 1 W, P h = 0.5 W; And the maximum tolerable interference power is set as = 0.1 W. It is seen that there is an optimal energy EH time both in the linear EH model and in the non-linear EH model. The optimal EH time is about 0.7 s. On the one hand, the harvested energy increases with the EH time. On the other hand, the increase of EH time results in the decrease of the transmission time, which may decrease the sum throughput of SUs. Thus, there is a tradeoff between the harvesting energy and the sum throughput of SUs. As shown in Fig. 2 , the sum throughput of SUs achieved under the linear EH model is higher than that achieved under the non-linear EH model. The reason is that the conversed power under the linear EH model increases with the input power while it achieved a maximum value under the nonlinear EH model, which is shown in Fig. 4 . This indicates that the energy used for SUs to transmit information under the linear EH model may be higher than that under the non-linear EH model. Indeed, from Fig. 4 , it demonstrates this fact. It is seen from Fig. 3 that the performance achieved under the non-linear EH model may equal to that achieved under the linear EH model. It can be explained by the fact that the harvesting energy under the non-linear EH model may equal to that under the linear EH model. This can be seen from Fig. 4 . based on the non-linear EH model is presented in Fig. 4 . It is seen that the conversed power of SUs under the non-linear EH model may be equal to that achieved under the linear EH model, e.g., the input power is equal to 0.02 W.
In Fig. 5 , we show the sum throughput of SUs versus the interference power based on the linear EH model and the non-linear EH model. The result is obtained with the optimal energy transmit time and different transmit powers of BS. The sum throughput of SUs increases with the maximum tolerable interference power, regardless of the linear EH model or the nonlinear EH model. The reason is that the transmit power of the SUs can be increased only if the maximum interference power is satisfied. Fig. 6 shows the sum throughput of SUs versus the number of channels based on the linear EH model and the nonlinear EH model. It is seen that the sum throughput of SUs increases VOLUME 5, 2017 with the number of channels. The reason is that as the number of channels increases, the choice of a channel with better channel state information is increased.
V. CONCLUSION
The sum throughput maximization problem is formulated in CWPCN under the a practical non-linear EH model. The sum throughput of SUs was maximized by jointly optimizing the EH time, the transmit power and subchannel allocation. An efficient one-dimensional search algorithm based on the presented optimal power and subchannel allocation scheme was proposed to solve the sum-throughput maximization problem. It was shown that there is a tradeoff between the sum throughput of SUs and the harvesting energy. Although the performance achieved under the linear EH model may be better than that achieved under the non-linear EH model, the resource allocation schemes proposed in this paper is more practical.
APPENDIX A PROOF OF THEOREM 1
Differentiating the Lagrangian Ł(S i,j , ρ i,j , τ ) with respect to S i,j , one has
Let the above equation be equal to 0. Since S ij ≥ 0, one has
And since
, one has
The proof for Theorem 1 is completed.
APPENDIX B PROOF OF THEOREM 2
According to (7), by applying the Karush-Kuhn-Tucker (KKT) conditions, for a given EH time, one has
According to (21) , the optimal subchannel allocation can be given as
The ith channel is allocated to the SU with the largest H i,j , j ∈ N . Thus, the optimal channel allocation can be given by
APPENDIX C PROOF OF THEOREM 3
According to (6), for a given P ij and ρ ij , problem P 2 is convex with respect to the EH time τ . Thus, differentiating the Lagrangian Ł(S i,j , ρ i,j , τ ) with respect to υ i , one has
Let (25) equal to be 0. One has
Replace
one has
The optimal EH time can be given as
The proof for Theorem 3 is finished.
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